We investigated the requirements for protein p53 and the ATM gene product in radiation-induced inhibition of DNA synthesis and regulation of the cyclin E/ and cyclin A/cyclin dependent kinases (Cdks). Wild type (WT) mouse lung ®broblasts (MLFs), p53
Introduction
Inhibition of eukaryotic DNA replication in response to ionizing radiation involves the regulation of both G1 and S phase processes. Irradiation of G1 cells may produce prolonged G1 delay at the`G1 checkpoint' within the last half of the G1 phase (Dulic et al., 1994; Sherr and Roberts, 1995) or transient G1 delay at a putative G1/S checkpoint, located at or near the G1/S boundary (D'Anna et al., 1997; Lee et al., 1997b) . In each case, radiation appears to impede the progression of G1 cells into S phase, indirectly reducing DNA synthesis. Irradiation of S phase cells appears to preferentially inhibit the initiation of DNA synthesis (Watanabe, 1974; Painter and Young, 1975; Walters and Hildebrand, 1975; Larner et al., 1994) ; however, inhibition of DNA synthesis may not occur uniformly throughout the S phase (D'Anna et al., 1997) .
Four gene products appear to be essential for the induction of prolonged arrest at a G1 checkpoint. These include the ATM gene product which is mutated in ataxia telangiectasia (AT) cells, the tumor suppresser protein p53, the Cdk inhibitor p21 WAF1/Cip1 , and the Rb protein (Kuerbitz et al., 1992; Dulic et al., 1994; Slebos et al., 1994; Khanna et al., 1995) . Radiation-induced enhancement of p21 expression, mediated by p53, inhibits activation of the D-and E-type cyclin dependent kinases (Cdks). This failure to activate cyclin D/Cdk4/6 maintains E2F sequestration by Rb and impedes cell progression through late G1 and traverse of the G1/S boundary (Elledge, 1996) . The role of the ATM gene product in G1 arrest is not clear, but it appears to be involved in regulating p53 subsequent to radiation damage (Elledge, 1996) .
The gene products required for radiation-induced transient G1 delay near the G1/S boundary or for the inhibition of DNA synthesis within the S phase are not well understood (Elledge, 1996) . Nevertheless, the ATM gene product and Cdks may play pivotal roles in the regulation of these processes, as well. Cells from ATpatients exhibit a diminished capacity to inhibit DNA synthesis and the initiation of DNA replication in response to ionizing radiation (Painter and Young, 1980) . The reduced ability to inhibit DNA synthesis and several other features of the human AT phenotype have been duplicated by the disruption of the ATM gene in knockout mice (Barlow et al., 1996; Xu et al., 1996) , verifying the identi®cation of the putative ATM gene and its importance to the inhibition of DNA synthesis in response to ionizing radiation. Whereas inhibition of Cdk2 by p21 has been implicated in the regulation of DNA replication in response to DNA damage (Beamish et al., 1996) , other recent results indicate that radiationinduced transient G1 delay near the G1/S boundary and inhibition of DNA synthesis within the S phase are mediated by Cdk regulation that is independent of the p53/p21 pathway (Laderoute, 1996; Wyllie et al., 1996 ; D'Anna et al., 1997; Lee et al., 1997b ).
Irradiation of mitotic or G1 CHO cells, which possess a mutated p53 protein, induces a 1.5 ± 2.0 h transient G1 delay (Walters and Tobey, 1970 ) that appears to inhibit the initiation of early replicating DNA near the G1/S boundary (Lee et al., 1997b) . The radiation-induced, short G1 delay or G1/S checkpoint (Lee et al., 1997b) is correlated with inhibition of cyclin E/Cdk2, and resumption of cell cycle progression is correlated with super-recovery of cyclin E/Cdk2 (D'Anna et al., 1997) . Once cells have entered early S phase, radiation-induced inhibition of DNA synthesis and the initiation of DNA replication are greatly diminished. Moreover, ectopic expression of wild type p53 in CHO cells induces a prolonged G1 arrest in response to radiation, but it does not ablate the transient G1 delay (Lee et al., 1997b) . Based on these results, it was concluded that the G1 delay is a p53-independent G1/S checkpoint (Lee et al., 1997b) involving the regulation of cyclin E/Cdk2 (D'Anna et al., 1997) .
Irradiation of S phase CHO cells produces a linearly increasing inhibition of DNA replication within the ®rst 60% of S phase and a precipitious inhibition of DNA replication beginning approximately 75% into S phase (D'Anna et al., 1997) . Although there is no increase in p21 expression in the irradiated CHO cells, the reduced rates of DNA synthesis are correlated with the cyclin A/ Cdk activities during the ®rst 4.5 h after irradiation. At 2 h after irradiation, both cyclin A/Cdk2 and cyclin A/ Cdc2 are inhibited by about 35%. Thus, the precipitous inhibition of DNA replication in late S phase might represent a p53/p21-independent S phase checkpoint that is regulated by cyclin A/Cdks in CHO cells (D'Anna et al., 1997) .
Because CHO cells possess a mutated p53 (Lee et al., 1997a ) that might compromise, rather than abolish some p53 functions, we have investigated the eects of ionizing radiation on DNA replication and the regulation of cyclin E/ and cyclin A/Cdks in cultured wild-type (WT) mouse lung ®broblasts (MLFs) and in cultured MLFs in which the p53 gene was disrupted (p53
7/7
). Additionally, we used human AT cells to investigate the requirement for the ATM gene product in the regulation of these processes. The results demonstrate that neither p53 nor p21 is required to eect transient inhibition and super-recovery of cyclin E/Cdk2, inhibition of cyclin A/Cdks, or inhibition of DNA synthesis in response to ionizing radiation. Conversely, absence of the ATM gene product abolishes all but small residual inhibitions of DNA synthesis and the cyclin A/Cdks. Thus, the ATM gene product appears to be required for regulation of cyclin E/Cdk2 at the G1/S boundary and most regulation of DNA replication and the regulation of cyclin A/Cdk2 within the S phase. Dierences in the inhibition of DNA synthesis among cell types are discussed in the context of the replicon model and S phase checkpoints.
Results

Radiation-induced inhibition of DNA synthesis in p53
7/7 cells To investigate the eects of p53 deletion on the regulation of DNA replication throughout the S phase, WT or p53 7/7 MLFs were irradiated with 8.0 Gy. The irradiated cultures and their unirradiated controls were then pulse-labeled with BrdU for intervals of 1.5 ± 2.0 h at dierent times after irradiation, and BrdU incorporation was quanti®ed from multi-parameter¯ow cytometry measurements. Both bivariate contour histograms (Figures 1 and 2 ) and twodimensional three-panel plots (Figures 3 and 4) were used in the analysis. The bivariate histograms depict the distributions of cells with dierent BrdU (MI-HŌ uorescence) and DNA (MI¯uorescence) contents in the control and irradiated cultures. In the three-panel plots, the number of cells (the cell cycle distribution), the average BrdU incorporated per cell (BrdU Av ), and the relative quantity of BrdU incorporated into cells with the same DNA content (BrdU Rel ) are presented as functions of the MI¯uorescence (cellular DNA content) for the control and the irradiated cultures.
The¯ow cytometry results from the WT and p53
7/7
MLFs exhibited two features that were independent of radiation. First, there was a signi®cant degree of tetraploidy in the p53 7/7 cells by passage 3. This was indicated by the presence of cells to the right of the G2 population ( Figures 2 and 4 , top panels), which we estimate to be as high as 35% in some of the experiments. This is contrasted to a much smaller 10 ± 15% tetraploidy in the WT mouse MLFs at a similar passage (Figures 1 and 3 , top panels). Similar tetraploidy has been observed in other p53 7/7 and WT cells (Harvey et al., 1993) . Second, WT MLFs exhibited asymmetrical MI ± HO staining (the vertical axis) in the non-replicated G1 and G2 cells (Figure 1 ) which may be related to populations having variable proliferation capabilities or chromatin structures (Crissman and Steinkamp, 1993) . Because of the heteroploidy, the diploid G2 and the tetraploid G1 populations overlapped and precluded precise determination of the number of cells in the diploid population. Consequently, BrdU Rel values, calculated from BrdU Av and relative cell numbers, were semi-quantitative estimates of relative BrdU incorporation between the irradiated and control cultures. Nevertheless, the results indicated that radiation-induced inhibition of DNA synthesis and its recovery within the S phase were notably similar in the WT and p53 7/7 MLFs. Radiation-induced inhibition of DNA synthesis was most pronounced during the ®rst 3 h after irradiation in both the WT and p53 7/7 cells. This was indicated by reductions in the MI ± HO (BrdU) maxima in the bivariate contour histograms (Figures 1 and 2 ) and by reductions in BrdU Av which began about 35% into S phase (Figures 3b, e and Figure 4b, e) . The inhibition of DNA synthesis caused cells to accumulate in the S phase, indicated by the DNA histograms (top panels in Figures  3 and 4) , and the progression of the BrdU-labeled S phase cells into G2 phase was greatly reduced (BrdU Rel panels in Figures 3 and 4) . The latter was indicated by the BrdU Rel pro®les (bottom panels of Figures 3 and 4) in which the largest dierences in BrdU Rel incorporation between the control and irradiated cultures were localized to the G2 region. Thus, the results indicated that: (1) both DNA synthesis within the S phase and progression from the S phase to the G2 phase were similarly inhibited in the WT and p53 7/7 cells during the ®rst 3 h after irradiation; and (2) most of the dierences in BrdU incorporated between the control and irradiated cultures were found in the G2 phase cells.
At 4 h and 5 h after irradiation, cells were becoming depleted from early S phase in the irradiated WT cultures (Figure 3g,j) , consistent with the induction of arrest at a G1 checkpoint. Conversely, there was no substantial reduction of early S phase cells in the irradiated p53 7/7 cultures (Figure 4g ,j) which fail to activate a G1 checkpoint (Kuerbitz et al., 1992) . During these later intervals of BrdU labeling, radiation-induced inhibition of DNA synthesis also recovered, and progression within the S phase resumed. As BrdU Av recovered within the S phase ( Figure 3h ,k and 4h,k), cells with the highest MI ± HO values reappeared in the bivariate contour histograms (Figures 1h, k and 2h, k) , while cells that had accumulated in S phase during the ®rst 3 h, began to progress into the G2 phase in both the irradiated WT and p53
7/7 cells, as indicated by the Figure 1 Bivariate contour MI ± HO vs MI histograms of cells from control and irradiated wild type (WT) MLFs labeled with 30 mM BrdU during the indicated 2 h intervals after 8 Gy of g radiation: (a ± c) 0.1 ± 2.1 h; (d ± f) 1 ± 3 h; (g ± i) 2 ± 4 h; (j ± l) 3 ± 5 h. The left hand panel in each set illustrates the contour-plot for the unirradiated culture pulse-labeled with BrdU, the middle panel shows the contour plot of the irradiated culture pulse-labeled with BrdU, and the right hand panel shows the contour plot of cells that were neither irradiated nor pulse-labeled with BrdU (to obtain the MI ± HO baseline MLFs; and (2) the p53 protein was not required for the inhibition and recovery of DNA synthesis within the S phase. 7/7 MLFs labeled with 30 mM BrdU during the indicated 1.5 h intervals after 8 Gy of g radiation: (a ± c) 0.5 ± 2.0 h; (d ± f) 1.5 ± 3 h; (g ± i) 2.5 ± 4 h (j ± l) 3.5 ± 5 h. The left, middle, and right panels for each set are as described in Figure 1 G1/S and S phase checkpoints G Xie et al
We note that the relatively-uniform reductions of BrdU Av in the MLFs during the ®rst 3 h after irradiation began about one-third into the S phase (BrdU Av panels of Figures 3b,e and 4b,e). This is contrasted to the inhibition of BrdU incorporation in CHO cells that occurred primarily within the last one-third of S phase (D'Anna et al., 1997).
Radiation-induced eects on the cyclin E/Cdk2 and cyclin A/Cdk activities in the MLFs
To determine if radiation would cause transient inhibition of cyclin E/Cdk2 or the cyclin A/Cdks in the p53 7/7 MLFs, we immunoprecipitated Cdks from the NP-40 soluble extracts of irradiated WT or p53
7/7
MLFs and their unirradiated controls. Cyclin E/Cdk2 was immunoprecipitated with antibodies to cyclin E; cyclin A/Cdk2, and cyclin A/Cdc2 were co-immunoprecipitated with antibodies to cyclin A. Histone H1 kinase activities associated with the immunoprecipitates were measured in vitro ( Figure 5 ).
The activity of cyclin E/Cdk2 was linearly reduced to 50% during the ®rst 2 h after irradiation in the WT MLFs (Figure 5a) , and all or most of the inhibition was sustained at 5 h, as might be expected for the induction of a prolonged G1 arrest (Dulic et al., 1994) . In contrast, radiation caused only transient inhibition of cyclin E/ Cdk2 in the p53 7/7 MLFs ( Figure 5b ). Cyclin E/Cdk2 was inhibited 20% at 0.5 h, and it super-recovered to a sustained level of about 20% above control levels by about 2 h after irradiation. This result was similar to the transient inhibition/super-recovery of cyclin E/Cdk2 that was correlated with G1 delay and its recovery in CHO cells (D'Anna et al., 1997) ; however, here the transient inhibition of cyclin E/Cdk2 was shorter and less pronounced than in CHO cells, and evidence for a synchronous S phase population that might arise from transient inhibition of cyclin E/Cdk2 was tentative. Irradiation of the p53 7/7 MLFs produced a small G1 shoulder 2 h after irradiation that appeared to develop into what might be a synchronized population that progressed into S (arrows in Figure 4 ). Although these eects were observed in replicate experiments, such small perturbations might also simply arise from increased BrdU incorporation related to cyclin E/Cdk2 super-recovery and potential accelerated progression of G1 cells into S phase (Higashikubo et al., 1996; D'Anna et al., 1997) .
In addition to the transient inhibition of cyclin E/ Cdk2, radiation rapidly inhibited cyclin A/Cdk activities to 55 ± 70% in the WT and p53 7/7 MLFs. The inhibition of cyclin A/Cdks was greater than that of cyclin E/Cdk2 in each cell type, and it was 70 ± 100% greater than the inhibition of cyclin A/Cdks in CHO cells (D'Anna et al., 1997) . Because cyclin A forms complexes with either Cdk2 or Cdc2, we investigated the contributions of Cdk2 and Cdc2 to the total cyclin A/Cdk activities in the controls and at about 1 h after irradiation, when maximal inhibition had been achieved (Table 1 ). In the WT cells, 78+1% of the total cyclin A activity was associated with Cdk2 in the control, and 72+3% was associated with Cdk2 in the irradiated culture. In the p53 7/7 cells, 76+4% of the cyclin A/Cdk activity was associated with Cdk2 in the control and 75+3% was associated with Cdk2 in the irradiated cultures. Thus, the results indicated that both cyclin A/Cdk2 and cyclin A/Cdc2 were rapidly inhibited after irradiation regardless of the presence or absence of p53, consistent with the results obtained with CHO cells (D'Anna et al., 1997) .
Because radiation induced inhibition of the cyclin A/ Cdks and DNA synthesis were correlated (1 : 1) with one another in CHO cells (D'Anna et al., 1997), we calculated`relative rates of BrdU incorporation' from the BrdU Rel results and compared them with the kinase activities as functions of time after irradiation ( Figure 5 ). Inhibition of BrdU incorporation during the 1.5 ± 2.0 h of labeling was maximally inhibited about 30% at 1 ± 2 h after irradiation in both the WT and p53 7/7 MLFs; however, inhibition of BrdU incorporation was 70 ± 100% less than the inhibition of cyclin A/Cdks. In the WT MLFs, inhibition of cyclin A/Cdks was maintained for up to 5 h, although BrdU incorporation recovered. Presumably, the sustained inhibition of the cyclin E/ or cyclin A/Cdks in the WT MLFs was due to the induction of the G1 checkpoint and the resulting reduced fraction of cells in early S phase. In the p53 7/7 cells, the cyclin A/ Cdks and BrdU incorporation both recovered at 2 ± 3 h after radiation; however, inhibition and recovery of the cyclin A/Cdks appeared to precede the changes in BrdU incorporation by about 0.5 h. We suspect that the subsequent reduction in cyclin A/Cdk activities at 4 ± 5 h after irradiation in the p53 7/7 cells is associated with the progression of S phase cells into the G2 phase, but we did not investigate this possibility in the asynchronous p53 7/7 MLFs.
Cdk regulation in the irradiated WT and p53 7/7 MLFs
Western blot analysis of total SDS cellular extracts ( Figure 6a ) from p53 7/7 and WT MLFs con®rmed the absence of p53 and the presence of minuscule levels of p21 in p53 7/7 MLFs (Michieli et al., 1994) . Whereas radiation increased the levels of p53 and p21 in the WT cells at 2 h after irradiation, these increases were absent in the p53 7/7 cells, as expected for a p53 null mutant. During this time, there were no noticeable changes in the levels of Cdk2 or Cdc2; however, the cellular levels of cyclin E and cyclin A increased by 2 h after irradiation in both the irradiated WT and p53 7/7 cultures. Thus, the Western blot results con®rmed the p53 7/7 genotype and indicated that radiation-induced inhibition of the Cdks p Figure 4 Number of cells, BrdU Av incorporation, and BrdU Rel incorporation as functions of DNA content for the irradiated (---) and control (Ð) WT MLF cultures whose bivariate histograms are shown in Figure 2 . The intervals of 30 mM BrdU labeling after irradiation are the following: 0.5 ± 2.0 h; (d ± f) 1.5 ± 3 h; (g ± i) 2.5 ± 4 h (j ± l) 3.5 ± 5 h. The darker lines in the BrdU Rel panels are the dierences in BrdU Rel incorporation between the control and irradiated cultures in the p53 7/7 cells was not due to simple reductions in the cellular levels of cyclin A/Cdks or to p53-independent increases in p21.
Western blot analyses of Cdk2 complexes immunoprecipitated from the control and irradiated cultures (Figure 6b ) gave results that were consistent with the cellular levels of p21. Radiation caused a rapid 2 ± 3-fold increase in the quantity of p21 that was immunoprecipitated with Cdk2 in the irradiated WT cells; however, minuscule p21 precipitated with Cdk2 in either the p53 7/7 control or p53 7/7 irradiated cultures. Thus, the results demonstrated that: (1) cyclin A/Cdk2 is inhibited in the presence or absence of p53; and (2) whereas increased p21 association with Cdk2 may be an important component in the inhibition of Cdk complexes in WT cells (Beamish et al., 1996; Ogryzko et al., 1997) , it is not essential to the inhibition of Cdk2 per se in the p53 7/7 cells.
Eects of radiation on DNA synthesis in HSF and GM02052 AT cells
Cells from AT patients possess radio-resistant DNA synthesis and defects in multiple cell cycle checkpoints (Painter and Young, 1980; Beamish et al., 1996) ; nevertheless, they still exhibit some inhibition of DNA synthesis in response to ionizing radiation. To investigate the diminished inhibition of DNA synthesis throughout the S phase and to look for potentially small, rapid inhibitions of the cyclin E/ or cyclin A/Cdks in response to radiation, we used the human AT cell strain, GM02052. GM02052 cells fail to inhibit the initiation of DNA replication in response to DNA damage (Povirk and Goldberg, 1982) , and antibodies that recognize dierent regions of the ATM protein fail to detect the ATM protein in 7/7 cell extracts at the indicated times after 8 Gy of g radiation these AT cells (Oncogene Sciences catalog). The absence of the ATM protein in GM02052 cell extracts and the pedigree of the cells suggested that they might possess a C to T transition at nucleotide 103 in the ATM gene open reading frame (Gilad et al., 1996) . This mutation, which creates a stop codon at amino acid 35 and the null AT phenotype (Gilad et al., 1996) , is common in AT patients of the same ethnic background from North Africa (Gilad et al., 1996) . To test the possibility, we utilized PCR methods to amplify and sequence GM02052 DNA encompassing nucleotide 103 from the ATM region, as described in Materials and methods. The sequencing results (not shown) con®rmed the suspected C to T transition and signify that GM02052 is, most likely, a true ATM null-mutant. Figure 7 Bivariate contour MI ± HO vs MI histograms of cells from control and irradiated HSF-55 cultures labeled with 30 mM BrdU during the indicated 2 h intervals after 8 Gy of g radiation: (a ± c) 0.1 ± 2.1 h; (d ± f) 1 ± 3 h; (g ± i) 2 ± 4 h (j ± l) 3 ± 5 h. The left hand panel in each set shows the contour-plot for the unirradiated culture pulse-labeled with BrdU, the middle panel shows the contour plot of the irradiated culture pulse-labeled with BrdU, and the right hand panel shows the contour plot of cells that were neither irradiated nor pulse-labeled with BrdU (to obtain the MI ± HO baseline) Flow cytometry measurements veri®ed the diminished inhibition of DNA synthesis in response to radiation in GM02052 AT cells, compared with the HSF controls (Figures 7 ± 10 ). In the HSF controls, radiation caused changes in BrdU incorporation that were similar to those measured for the WT MLFs. In the contour histograms, radiation reduced the maximal levels of BrdU incorporation throughout most of the S and G2 phases during the ®rst 2 h after irradiation (Figure 7b) , and it increased the dispersion of BrdU incorporation in central S phase during the subsequent intervals of BrdU labeling ( Figure  7e,h,k) . Thus, as with the MLFs, inhibition of DNA synthesis in central S phase persisted for several h in some of the cells. In the three-panel plots (Figure 9 ), radiation inhibited BrdU Av during the ®rst 3 h after irradiation (middle row of panels), it caused an accumulation of cells in S phase (top row of panels), Figure 8 Bivariate MI ± HO vs MI contour histograms of cells from control and irradiated GM02052 AT cells labeled with 30 mM BrdU during the indicated 2 h intervals after 8 Gy of g radiation: (a ± c) 0.1 ± 2.1 h; (d ± f) 1 ± 3 h; (g ± i) 2 ± 4 h (j ± l) 3 ± 5 h. The left, middle, and right panels for each set are as described in Figure 7 G1/S and S phase checkpoints G Xie et al and it limited progression of BrdU-labeled S phase cells into the G2 phase, indicated by the BrdU Rel pro®les (bottom row of panels). Hence these changes indicated that radiation inhibited DNA replication in the HSF-55 cells, beginning about 35% into S phase, and it limited the progression of S phase cells into the G2 phase of the cell cycle during the ®rst 3 h after irradiation. At 4 and 5 h after radiation, several changes were apparent: cells became depleted from early S phase (Figure 9g,j) , consistent with arrest at a G1 checkpoint; BrdU Av incorporation recovered ( Figure 9h,k) ; BrdU labeled cells began to progress through late S phase (Figure 9i,l) .
In contrast to the results in the HSF controls, radiation caused only minor decreases in DNA synthesis in AT cells, indicated by the small reductions in maximal BrdU incorporation in the bivariate histograms (Figure 8) , by the very small decreases in the BrdU Av , (central panels of Figure 10) , and by the changes in the calculated rates of BrdU incorporation (Figure 11b ). Also, radiation caused minimal increased dispersion of BrdU incorporation within the central S phase in the AT cells (Figure 8e ,h,k). Although inhibition of DNA synthesis was minor in the irradiated cultures, there were: (1) a correspondingly small accumulation of cells in S phase (Figure 10d,g,j) , (2) increased BrdU Rel incorporation in the accumulated S phase cells ( Figure 10i,l) ; and apparently, (3) reduced progression of BrdU-labeled cells into the G2 phase of the cell cycle. (Figure 10f,i,l) .
Eects of radiation on cyclin E/Cdk and cyclin A/Cdk activities in HSF-55 and GM02052 AT cells
Radiation induced the expected inhibition of cyclin E/ Cdk2 and the cyclin A/Cdk complexes (immunoprecipitated with anti-cyclin A) in the HSF controls ( Figure  11a) , and the inhibition of the cyclin A/Cdk activities was about twofold higher than inhibition of BrdU incorporation in the irradiated HSF cultures ( Figure  11a ). Conversely, radiation had minimal eect on the activities in the irradiated AT cells (Figure 11b ). Thus, (1) the results demonstrated that human AT cells do not transiently regulate cyclin E/Cdk2 at very short time after exposure to ionizing radiation, and (2) the results were consistent with the supposition that the ATM gene product is required for transient regulation of cyclin E/ Cdk2. Additionally, they agreed with previous results Figure 9 Number of cells, BrdU Av incorporation, and BrdU Rel incorporation as functions of DNA content for the irradiated (---) and control (Ð) HSF-55 cultures whose bivariate histograms are shown in Figure 7 . The intervals of 30 mM BrdU labeling after irradiation are the following: (a ± c) 0.1 ± 2.1 h; (d ± f) 1 ± 3 h; (g ± i) 2 ± 4 h (j ± l) 3 ± 5 h. The darker lines in the BrdU Rel panels are the dierences in Brd Rel incorporation between the control and irradiated cultures. We note that a small population (about 1.5%) adjacent to the unlabeled G2 population in Figure 7 gives rise to the asymmetry on the left side of the unlabeled G2 cells. The population, which is absent in the irradiated controls, is believed to represent unlabeled mitotic human cells. Although its inclusion has no aect on the BrdU Rel results, it lowers the BrdU Av values at that DNA content. The population was omitted from the three-panel analyses (Figure 10 ) to allow determination of the eects of radiation on BrdU incorporation in late S phase demonstrating that the ATM gene is required for the eective regulation of cyclin A/Cdk complexes (Beamish et al., 1996) .
Although cyclin A/Cdk regulation was minimal in the AT cells, for consistency among our measurements we determined the contributions of the Cdk2 and Cdc2 complexes to the total cyclin A/Cdk activities in the HSF and AT cells at 1 h after irradiation (Table  1) . Surprisingly, the contributions of the Cdk2 and Cdc2 complexes in the AT cells were quite dierent from those in HSF and in the MLFs (Table 1 ). In the HSF cells, 77+6% of the cyclin A kinase activity was associated with cyclin A/Cdk2 in the control and 83+2% was associated with cyclin A/Cdk2 in the irradiated cells. Thus, both cyclin-A Cdk2 and cyclin A/Cdc2 were inhibited at 1 h after radiation in HSF cells, which is similar to the results obtained from WT and p53
7/7
MLFs. In AT cells, however, only 53+6% of the cyclin A kinase activity was associated with cyclin A/Cdk2 in the controls and 57+13% in the irradiated cultures. Thus, whereas, the results are consistent with minimal changes in the activities of the cyclin A/Cdks in the irradiated cultures, the proportion of cyclin A/Cdk2 is considerably smaller in the AT cells than in the HSF-55 controls (Table 1) .
Regulation of Cdks in HSF-55 and GM02052 at cells
Western blot analyses (Figure 12a ) of p21, Cdk2, Cdc2, cyclin A and cyclin E indicated that radiation caused increases in the cellular levels of p21, cyclin E, and cyclin A in the HSF cells and in the levels of cyclin A in the AT cells. The increased cellular levels of p21 in the irradiated HSF cells and their absence in the AT cells were re¯ected in the relative levels of p21 immunoprecipitated with anti-Cdk2 from the NP-40 soluble extracts of control and irradiated cultures (Figure 12b) . Thus, loss of the ATM protein abolished radiation-induced p21 accumulation and increased p21 (Beamish et al., 1996) . Radiation also increased the levels of cyclin A in both the irradiated HSF and AT cultures. Because the levels of cyclin A increased in the irradiated WT and p53 7/7 MLFs, as well as in the irradiated HSF and AT cells, the increased levels appeared to be related to the accumulation of cells in the S and, perhaps, the G2 phases of the cell cycle. Contrary to the accumulation of cyclin A, cyclin E did not accumulate appreciably in the GM02052 AT cells, indicating that radiation-induced accumulation of cyclin E was dependent on the ATM gene product.
Discussion
Requirements for p53 and the ATM gene product in the regulation of G1/S radiation responses
The results demonstrate that neither p53 nor p21 is required to eect transient inhibition and super-recovery of cyclin E/Cdk2 associated with the putative G1/S checkpoint in response to ionizing radiation. Subsequent to the inhibition of cyclin E/Cdk2 in the p53 7/7 cells, cyclin E/Cdk2 super-recovered to about 120% of the control activity, a population of cells appeared at the G1/S boundary, and the levels of cyclin E increased in the irradiated cultures. Qualitatively, these same responses were observed in CHO cells (D'Anna et al., 1997) , including the increased levels of cyclin E in the irradiated cultures (unpublished results for CHO cells); however, there were quantitative dierences. The transient inhibition of cyclin E/Cdk2 in the p53
7/7
MLFs was somewhat smaller and more rapid than in CHO cells, and the population of cells that appeared at the G1/S boundary was smaller and less distinct than in CHO cells. Although the basis for the quantitative dierences between the two cell types is unknown, the results predict that radiation-induced inhibition of initiation at the G1/S checkpoint is less eective in the p53 7/7 MLFs. In contrast to the apparent dispensability of p53, the ATM gene product appears to be essential for regulation of the G1/S checkpoint, as well as, for other cell cycle checkpoints (Khanna et al., 1995; Beamish et al., 1996) . Whereas super-recovery of cyclin E/Cdk2 subsequent to radiation has been observed in virally-transformed AT cells (Khanna et al., 1995; Beamish et al., 1996) , substantial super-recovery was absent in the primary GM02052 AT null mutants. We note that our results do not exclude the possibility that the G1/S regulation is peculiar to rodent cells. Although this possibility must be rigorously clari®ed using other human cell types, irradiation of asynchronously growing HeLa cells does induce a synchronous population at the G1/S boundary (Hennequin et al., 1994) , indicating that a G1/S checkpoint can occur in human cells.
Requirements for p53 and the ATM gene product in radiation-induced regulation of DNA synthesis and cyclin A/Cdks
The absence of p53 has no discernible eect on the radiation-induced inhibition of DNA synthesis within the S phase or the rapid inhibition of cyclin A/Cdks in the asynchronous MLFs. Radiation induces a prolonged G1 arrest in the WT MLFs (Deng et al., 1995) , leading to a depletion of cells from the early S phase at 3 ± 5 h after irradiation, whereas the p53 7/7 MLFs continue to enter S phase. Except for these dierential G1-eects on DNA synthesis, inhibition and recovery of DNA synthesis are semi-quantitatively the same throughout the S phase in both the p53 7/7 and WT MLFs. Thus, whereas p53 may perform a plethora of functions (Morgan and Kastan, 1997), it is dispensable for the inhibition and recovery of DNA synthesis, per se, within the S phase.
The rapid inhibition of cyclin A/Cdks and DNA synthesis in the radiation responsive cells and their minimal regulation in AT cells are consistent with a postulated role for cyclin A/Cdks in the regulation of an S phase checkpoint or checkpoints (Beamish et al., 1996; Petrocelli et al., 1996; D'Anna et al., 1997) . In the p53
cells (where analysis is not complicated by prolonged G1 arrest), both cyclin A/Cdks and BrdU incorporation are inhibited and recover at similar times after irradiation; however, inhibition of cyclin A/Cdks exceeds the inhibition of DNA synthesis, and it may precede inhibition of DNA synthesis by about 0.5 h. These results dier somewhat from CHO cells where changes in DNA synthesis and cyclin A/Cdks were directly proportional to one another in the irradiated cells (D'Anna et al., 1997). It is notable, however, that inhibition and recovery of DNA synthesis occur more slowly in the irradiated CHO cells, inhibition of cyclin A/Cdks was less in CHO cells, and inhibition of DNA synthesis was constrained to a smaller region located within the late S phase of CHO cells.
Both cyclin A/Cdk2 and cyclin A/Cdc2 were inhibited to the same extent in all of the radiation-responsive cell types at 1 h after irradiation, and the inhibition of cyclin A/Cdk2 was independent of p21. The apparent coordinate inhibition of both Cdk complexes at short times after radiation in this report and in CHO cells (D'Anna et al., 1997) is consistent with the supposition that cyclin A/Cdk2 and cyclin A/Cdc2 are inhibited within the same pathway or in dierent branches emanating from the same damage-response pathway (Elledge, 1996) . Because Cdk2 is required for progression through the S phase (van den Heuvel and Harlow, 1993) , and Cdc2 is not (Th'ng et al., 1990; van den Heuvel and Harlow, 1993) , it is more likely that inhibition of cyclin A/Cdk2 is associated with cellular regulation at S phase checkpoints (D'Anna et al., 1997), and inhibition of cyclin A/Cdc2 participates in G2 arrest (Sanchez et al., 1997) . Whereas a causal role for cyclin A/Cdk2 in damage-induced inhibition of DNA synthesis has not been demonstrated, inhibition of cyclin A/Cdk2 does not require p21. The absence of p21 induction or increased association of p21 with Cdk2 in the irradiated p53
7/7 MLFs demonstrate, unequivocally, that neither p53 nor p21 is required to inhibit the cyclin A/Cdks in response to ionizing radiation. Because p21 may be an important factor in the inhibition of cyclin/Cdk2 and the inhibition of DNA synthesis in p53/p21 competent cells (Beamish et al., 1996; Ogryzko et al., 1997) , the apparent dichotomy implies the existence of complementary p53 dependent and p53-independent mechanisms that regulate replication-related Cdks and DNA synthesis in response to ionizing radiation in mammalian cells. Nevertheless, if this is so, it is somewhat of a conundrum that the initial inhibition of cyclin A/Cdks and the inhibition of DNA synthesis are not appreciably greater in the p53-competent cells.
The minimal inhibition of DNA synthesis and Cdks in human AT cells was consistent with previous reports, e.g., see Beamish et al., (1996) . The most notable feature about the GM02052 AT null mutants was that cyclin A/Cdc2 comprised an unusually high 55% of the total cyclin A/Cdk activity in the asynchronous cultures. The signi®cance of this change is unknown, but it supports other results implicating that the ATM gene product is involved in normal cell cycle progression, as well as in the regulation of DNA damage checkpoints (Barlow et al., 1996) . The altered activities suggest that: (1) the ATM protein normally aects the activities of Cdk2 or Cdc2 in the absence of damage; and (2) when the ATM protein is absent, the cell may eect compensatory changes to facilitate progression through the cell cycle.
S phase checkpoints
Because most inhibition of synthesis occurs in the late S phase in CHO cells and is correlated with the inhibition of cyclin A/Cdks, we suggested that CHO cells possess a radiation-activated, late S phase checkpoint (D'Anna et al., 1997) . The postulated checkpoint, located 75% in S phase, would inhibit DNA replication in late S phase and impede the progression of the late S phase cells into the G2 phase of the cell cycle. These new results obtained with mouse and human cells demonstrate that inhibition of DNA synthesis and cellular accumulation can occur throughout, at least, the last 65% of S phase in some types of cells. Despite this variation, several features are common in all of the cells: (1) inhibition remains notably minimal or absent within the ®rst one-third of S phase; (2) inhibition in late S phase still occurs; (3) progression into the G2 phase of the cell cycle is impeded. A priori, the irregular inhibition of DNA replication within the S phase could be explained by one of the following two models: (1) the regulatory pathways (e.g., regulation of cyclin/Cdks) function in only parts of the S phase; or (2) the regulated processes (e.g., initiation of replication) are active only in certain regions of the S phase. Because cyclin A/Cdk2 is active throughout the S phase (Pagano et al., 1992) , it is unlikely that its activity would be regulated unevenly within the S phase if it were the primary regulator of DNA synthesis. On the other hand: (1) cells appear to regulate, primarily, the initiation step of DNA replication in response to DNA damage (Watanabe, 1974; Painter and Young, 1975; Walters and Hildebrand, 1975; Larner et al., 1994) ; (2) groups of replicons or replicon clusters appear to initiate DNA replication in dierent parts of S phase (Hand, 1978) ; and (3) rates of DNA synthesis vary within the S phase among cell types (Gray et al., 1981) . Thus, it is more likely that dierent sets of origins or replicon clusters are initiated in dierent regions (or times) within the S phase, and it is within these regions that they are regulated in response to radiation damage (Lee et al., 1997b) . Inhibition of initiation might occur directly as a consequence of cyclin A/Cdk2 inhibition, or inhibition of initiation and the inhibition of cyclin A/Cdk2 might be coordinately regulated by an unidenti®ed factor (Wang et al., 1997) . In the context of the replicon model, the location of S phase`checkpoints' is governed by the cell's initiation program, with each putative cadre of replicon clusters consitituting a potential S phase checkpoint in response to radiation damage. According to this scheme, initiation in CHO cells would occur primarily at the G1/S boundary and with a high density in the last 25 ± 35% of S phase. In the HSF and mouse MFLs, initiation would occur primarily at the G1/S boundary and within a larger region of S phase, beginning about 35% into the S phase and extending to near its end. Because regulation of the initiation at the G1/S boundary or the G1/S checkpoint (Lee et al., 1997b) is correlated with the inhibition of cyclin E/Cdk2 in CHO cells (D'Anna et al., 1997) , the activation of cyclin E/Cdk2 appears to be the rate limiting step that regulates the initiation of early replicating origins at the G1/S boundary. The validity of these models is under investigation.
Materials and methods
Cell culture and irradiation
Primary lung ®broblasts were prepared from four-weekold p53 knockout mice (strain C57BLK/6TacfBR-[KO]p53 N4) and wild type (WT) C57BL mice as previously described (Lehnert et al., 1994) . Passage 2 WT and passage 3 p53 7/7 cells were used in the experiments. Normal human diploid skin ®broblasts (HSF-55) were established by Dr David Chen from an infant foreskin at the Los Alamos National Laboratory. A human AT homozygous cell culture (GM02052) was obtained from the Human Genetic Mutant Cell Repository (Camden, NJ). The HSF cells were used at passages 6 to 7, and the GM02052 cells were used at passages 8 to 10. All cells were grown as monolayers in a-Minimum Essential Medium (GIBCO ± BRL) supplemented with 15% fetal bovine serum (HyClone) at 378C in a humidi®ed 5% CO 2 incubator.
Asynchronously-growing cultures in 75 cm 2 or 162 cm Identi®cation of an ATM gene mutation in GM02052 AT cells Procedures described by Gilad et al. (1996) were used to determine if a stop codon was located at the equivalent position of amino acid 35 in the ATM gene coding sequence. The primers, 5'-gtgtgttctgaaattgtgaacc-3' and 5'-ccttgtttggaatctgaatg-3', were used in conjunction with the polymerase chain reaction (PCR) to amplify a 254 bp fragment spanning nucleotide 103 in the human ATM gene. The same primers were used in conjunction with PCR and¯uorescence-labeled terminators to determine the sequence of each strand with an ABI automatic sequencer.
Immunoprecipitation, kinase assays and immunoblotting
Immunoprecipitations, histone H1 kinase assays, and Western blots were performed, essentially, as described (D'Anna et al., 1997) . Brie¯y, for immunoprecipitations, cell pellets from control and irradiated cultures seeded with the same number of cells were lysed at 5610 6 cells per mL based on the number of control cells. The lysing buer contained 50 mM Tris (pH 7.5), 200 mM NaCl, 30 mM NaF, 0.5% NP40, 100 mg/mL phenylmethylsulfonylfluoride, 30 mL/mL aprotinin (Sigma #A6279), 4 mg/mL leupeptin, 2 mg/mL pepstatin and 1.0 mM sodium orthovanadate. Kinase activities associated with cyclin A or cyclin E were immunoprecipitated in triplicate from aliquots of cleared lysates using antibodies cross-linked to agarose or by sequential use of solution antibodies and protein A/Gagarose conjugates (CALBIOCHEM). After the immunoprecipitates were washed to remove contaminating proteins, kinase reactions using histone H1 as substrate were performed at 308C for 20 min (D'Anna et al., 1997). Phosphorylated H1 was separated by electrophoresis, and phosphorylation was quanti®ed using X-ray ®lm and a Visage video-densitometer (D'Anna et al., 1997). Background kinase activities obtained with the use of protein A/ G-agarose alone were negligible, compared with those obtained in the presence of antibodies to cyclin A; however, the cyclin E/Cdk2 activities from human cells were corrected for 20 ± 25% background.
To determine the contributions of cyclin A/Cdk2 and cyclin A/Cdc2 to the total cyclin A/Cdk activities in cellular extracts, we used dierential immunoprecipitation (D'Anna et al., 1997). Cyclin A/Cdk2 and cyclin A/Cdc2 were immunoprecipitated with anti-cyclin A directly from the NP-40 cellular extracts, or residual cyclin A/Cdc2 was immunoprecipitated with anti-cyclin A after cyclin A/Cdk2 had been removed with anti-Cdk2 cross-linked to agarose. Western blot analysis of the extracts con®rmed that 598% of Cdk2 was removed by immunoprecipitation with antiCdk2, consistent with previous results (D 'Anna et al., 1997) .
Active cyclin E complexes were immunoprecipitated from MLF extracts with puri®ed rabbit antibodies obtained from UBI (#06-459) and from human cell extracts with the same antibody or a puri®ed mouse monoclonal antibody (HE-111; sc-248) obtained from Santa Cruz Biotechnology, Inc. Active cyclin A complexes were immunoprecipitated from the MLFs with a commercial antibody from Santa Cruz Biotechnology, Inc (C-19, sc-596) or with serum from a rabbit immunized with human cyclin A, kindly provided by Dr EB Leof of the Mayo Clinic. Active cyclin A from human cells was immunoprecipitated with the anti-cyclin A rabbit serum. For Western blot analyses, primary antibodies to Cdc2 (17; sc-54), Cdk2 (M2; sc-163), p21 (C-19; sc-397) were purchased from Santa Cruz Biotechnology. Other Western blot antibodies included anti-p53 (#14091A) from PharMingen, anti-cyclin A (Ab-3) from CALBIOCHEM and anti-cyclin E (#06-459) from Upstate Biotechnology. Secondary antibodies linked to horseradish peroxidase were purchased from Amersham. Luminescence reagents for Western blot detection with X-ray ®lm were purchased from NEN Life Science Products, or Pierce. Relative band intensities were quanti®ed from the X-ray ®lm with the Visage Densitometer (D'Anna et al., 1997).
BrdU labeling and¯ow cytometry (FCM) analyses
Asynchronously growing control and irradiated cells were pulse-labeled for 1.5 or 2.0 h in 30 mM BrdU at various time after 8 Gy of g-radiation. Cells were then harvested by trypsinization and ®xed in 75% ethanol. Fixed cells were simultaneously stained with Hoechst 33342 and mithramycin, and analysed by multiparameter¯ow cytometry (Crissman and Steinkamp, 1987) . Four parameters were used in this analysis: the integrated mithramycin¯uorescence signal (MI); the mithramycin¯uorescence pulse height; the integrated Hoechst 33342¯uorescence signal (HO); the ampli®ed dierence between the MI and HO¯uorescence signal per cell (MI ± HO). Cellular DNA content is proportional to the MI¯uorescence and BrdU = k6{(MI ± HO)7(MI ± HO) 0 }, where k is a proportionality factor and (MI ± HO) 0 is the baseline signal in the absence of BrdU incorporation (Crissman and Steinkamp, 1987; D'Anna et al., 1997) . Bivariate histograms of MI ± HO vs MI fluorescence were obtained for 2.0 to 3.0610 4 events as described (Crissman and Steinkamp, 1987) . Bivariate contour histograms in the ®gures were drawn with WinMDI v2.4 (Joseph Trotter, The Scripps Research Institute, La Jolla, CA).
To quantify radiation-induced changes in BrdU incorporation throughout the S phase, the information from the bivariate contour histograms was converted to two-dimensional three panel plots giving the number of cells (the cell cycle distribution), the average BrdU incorporation per cell (BrdU Av ), and the total BrdU incorporation (BrdU Rel ) as functions of DNA content as described (D'Anna et al., 1997) . BrdU Av is directly proportional to the average quantity of BrdU incorporated into cells with a given DNA content at the end of BrdU labeling, and BrdU Rel is directly proportional to the total quantity of BrdU incorporated into cells with a given DNA content at the end of BrdU labeling. Relative`rates of BrdU incorporation' between the control and irradiated cultures were obtained by taking the ratio of the integrated BrdU Rel values between the irradiated and control cultures and correcting for the relative number of cells in the control and irradiated cultures (D'Anna et al., 1997). The`time' of the measurement was de®ned as the midpoint of the BrdU labeling interval after irradiation.
